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Single-crystalline thin ﬁlm of Ni46Co4Mn37In13 alloy grown on MgO(0 0 1) was prepared by Pulsed Laser Deposition (PLD) method. The
epitaxial growth process was monitored by in situ Reﬂection High Energy Electron Diffraction (RHEED). Structure measurements reveal that the
single-crystalline Ni46Co4Mn37In13 ﬁlm could be stabilized on MgO(0 0 1) as a face-centered-cubic (fcc) structure. From the evolution of
RHEED, it can be deduced from the patterns that Volmer-Weber growth mechanism (3-D) dominates at the initial stage. Then, it becomes layer-
by-layer growth mechanism (2-D) with the increase of the ﬁlm thickness. Lastly, growth mechanism converts back to 3-D when the ﬁlm is thick
enough. Both electrical resistance and magnetoresistance (MR) were measured at various temperatures using Physical Property Measurement
System (PPMS). The electrical resistance measurement indicates that the ﬁlm sample does not have martensitic transformation in the
measurement temperature range. However, with the temperature increasing, the ﬁlm sample exhibits a transition from metallic to semiconductor-
like properties. Moreover, a small negative magnetoresistance was observed at different temperature, which can be explained by the spin-
dependent scattering of the conduction electrons.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Ternary Ni–Mn based alloys, such as Ni–Mn–In, Ni–Mn–Sb,
Ni–Mn–Sn [1–3], and quarternary alloys through doped with 3d
transition elements, such as Ni–Co–Mn–In, Ni–Co–Mn–Sn, etc.
[4–6], have recently attracted considerable attention because of
their unique properties and potential applications. They are the
smart functional materials with some attractive properties of
magnetocaloric effect, magnetic ﬁeld induced strain and magne-
toresisitance (MR), and could be capable of magnetic ﬁelde front matter & 2014 Chinese Materials Research Society. Produc
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nder responsibility of Chinese Materials Research Society.induced actuation, magnetic ﬁeld sensing, and magnetic refrig-
eration [7–9].
Up to now, lots of research work for these alloys has focused
on polycrystalline bulk or ﬁlms. There exist grain boundary and
structure phase separation, etc., which make the correlation
between the structure and the corresponding properties complex
and even ambiguous [10,11]. So far as we know, however, there
has been no work reported in literature regarding the preparation
of such single-crystalline alloys in thin ﬁlms. In fact, the epitaxial
growth of single-crystalline thin ﬁlms is valuable not only for
fabricating some high-quality magnetic sensor devices but
also for investigating the detailed mechanism of electron trans-
port. Based on this motivation, we attempted preparation of
single-crystalline ﬁlm on an appropriate substrate. In this work,
we have successfully prepared single-crystalline structure of
Ni46Co4Mn37In13 thin ﬁlm on MgO(0 0 1). The crystal structure
was investigated by in situ Reﬂection High Energy Electrontion and hosting by Elsevier B.V. All rights reserved.
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(XRD) studies.
With the single-crystalline thin ﬁlm of Ni46Co4Mn37In13, the
electrical resistance together with MR was studied as a
function of temperature or magnetic ﬁeld. It is found that the
ﬁlm represents metallic properties below 245 K, and it turns
out to be semiconductor-like behavior above 245 K. In the
measured temperature ranges from 5 K to 380 K, the effect of
spin-dependent electron scattering on the negative MR has
been discussed in this paper2. Experimental details
Polycrystalline Ni46Co4Mn37In13 alloy with nominal com-
position was prepared by conventional arc melting under an
argon gas atmosphere. The weight loss after melting was found
to be less than 0.5%. A cylinder-shaped alloy ingot, with 1 in.
of diameter and 3 mm of thickness, was fabricated as a target.
Ni46Co4Mn37In13 ﬁlm was deposited on MgO(0 0 1) substrateFig. 1. RHEED patterns with electron beam along [1 1 0]MgO direction:(a) clea
Ni46Co4Mn37In13 ﬁlm, respectively.by PLD method in a high vacuum. The base pressure of the
deposition chamber was better than 7.0 108 Torr. Prior to
deposition, the MgO (0 0 1) single-crystalline substrate was
cleaned with acetone, ethanol and deionized water in an
ultrasonic bath, and then it was put into vacuum chamber
and followed by annealing at 600 1C for 2 h until the surface of
MgO(0 0 1) keeps sharp RHEED pattern. This process could
make the substrate achieve a superior surface crystallographic
quality [12]. During deposition, a KrF excimer laser (λ¼248
nm, pulse width¼25 ns) was incident on the rotating target at
an angle close to 451. The laser ablation was carried out at a
laser ﬂuence of 300 mJ/pulse and a repetition rate of 9 Hz. The
Ni46Co4Mn37In13 ﬁlm was deposited at a substrate temperature
of 500 1C. Its deposition rate was ﬁxed about 1.2 nm/min,
which measured by a quartz thickness monitor. In situ RHEED
was utilized to monitor and control the growth. The crystal
structure of the ﬁlm was determined by X-ray diffraction
(XRD) with Cu Kα radiation. The MR was measured in
Physical Property Measurement System (PPMS-9, Quantum
Design Inc.) by using the standard four-point-probe technique.n MgO(0 0 1), (b) 3 nm, (c) 10 nm, (d) 50 nm, (e) 100 nm and (f) 300 nm
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According to former research work, the quarternary bulk
Ni46Co4Mn37In13 alloy is L21 structure at room temperature,
and its lattice constant is about 0.60 nm [13]. The side of the
primitive surface for MgO(0 0 1) is 0.42 nm. The lattice
mismatch between Ni46Co4Mn37In13 and MgO(0 0 1) is about
30%, while Ni46Co4Mn37In13 ﬁlm grown on MgO(0 0 1) is
rotated 451 in plane, the mismatch is about 1.7%, which is
quite small. So the single-crystalline thin ﬁlm grown on MgO
(0 0 1) with the [1 0 0]Ni46Co4Mn37In13 || [1 1 0]MgO would be
expected. Beyond our expectation, however, according to the
following RHEED patterns, the ﬁlm growth is in the same
orientation as MgO(0 0 1) substrate.
Fig. 1(a) shows the RHEED pattern of clean MgO(0 0 1)
surface after annealing, with the incident electron beam along
the [1 1 0] direction. The Ni46Co4Mn37In13 growth was then
carried out on the surface at 500 1C. The patterns of growth
Ni46Co4Mn37In13 ﬁlm on MgO(0 0 1) substrate, as shown in
Fig. 1(b)–(f), respectively, were checked ﬁrstly in situ by the
development of RHEED patterns as a function of coverage
thickness. The patterns show that the ﬁlm growth follows MgO
(0 0 1) the similar mesh, and does grow in single-crystalline
form on the MgO(0 0 1) surface. In addition, compared with the
clean substrate surface, interestingly, although some traces from
the substrate can recognized at initial stage, but the morphology
of Ni46Co4Mn37In13 ﬁlm is more smoothing during subse-
quently the growth process owing to the fact that spots-like
patterns of substrate, as shown in Fig. 1(b), faded away, and
instead of strip-shaped one, as shown in Fig. 1(c). With the
increase of thickness of Ni46Co4Mn37In13 ﬁlm, the morphology
becomes smoother and smoother, as shown in Fig. 1(c)–(e),
corresponding the thickness of 10 nm, 50 nm, and 100 nm,
respectively. Consequently, we can deduce from the strip-
shaped diffraction patterns that it is the two-dimension
growth mode on MgO(0 0 1) surface, i.e., layer-by-layer
growth mode.
With the further increase of thickness, the patterns become
spot-like from strip-shaped and simultaneously blur out as shown
in Fig. 1(f), indicating that the single-crystalline structure is
difﬁcult to be stabilized as the ﬁlm is thick enough, and the
growth mode transition has occurred, i.e., from 2-D to 3-D when
the thickness of the ﬁlm is over 300 nm. As a result, we concludeFig. 2. RHEED patterns with electron beam along [1 0 0] MgO directionthat the high quality single-crystalline Ni46Co4Mn37In13 could
only stabilized on MgO(0 0 1) surface less than 300 nm.
Fcc structure should be centered-rectangular-shaped arrange-
ments in the reciprocal space when the electron beam is incident
along the [1 1 0] direction, and be square-shaped arrangements
when the electron beam is incident along the [1 0 0] direction [14].
As is well known, MgO possesses a fcc structure, therefore the
patterns of MgO(0 0 1) is square-shaped arrangements with the
electron beam along the [1 0 0]MgO [15]. The pattern of MgO
(0 0 1) substrate is centered-rectangular-shaped arrangements as
shown in Fig. 1(a) with the incident electron beam along the
[1 1 0]MgO. As showing in Fig. 1(b)–(f), the patterns of Ni46Co4
Mn37In13 ﬁlm also possess centered-rectangular-shaped arrange-
ments with the electron beam along the [1 1 0]MgO. By rotating the
substrate at an angle of 451, it means that the electron beam
incident along the [1 0 0]MgO direction, a square-shaped patterns of
the ﬁlm appear instead of centered-rectangular-shaped arrange-
ments, as shown in Fig. 2(a) and (b). From the close similarity
between the substrate patterns and the ﬁlm patterns, we can
immediately conclude that Ni46Co4Mn37In13 overlayer on MgO
(0 0 1) substrate has a fcc structure in real space.
According to the RHEED patterns of Fig. 1(a) and (c), the
streak spacing of Ni46Co4Mn37In13 ﬁlm is larger than that of
MgO substrate. According to the fact that the streak spacing
and lattice constant have an inverse relationship, we can
conclude that the lattice constant of Ni46Co4Mn37In13 ﬁlm is
smaller than that of MgO substrate. In order to determine
lattice constants accurately, ex situ XRD were also performed
at room temperature as shown in Fig. 3. The lattice constants
of Ni46Co4Mn37In13 ﬁlm with the thickness of 300 nm and the
clean MgO substrate were determined to be 0.38 nm and
0.42 nm, respectively.
Next, we performed electrical resistance as well as MR
measurements in order to establish the correlation between the
structure and the properties of electron transport at the measuring
temperature range. Fig. 4 shows the temperature dependence of
electrical resistance from 5 K to 380 K. With the increase of
temperature, surprisingly, the electrical resistance increases
monotonously until the temperature is achieved at 245 K. With
the further increase of the temperature, however, it turns out to
decrease monotonously. There is a peak corresponding maximal
valve(5.67 Ω) of electrical resistance at 245 K. Unambiguously,
the monotonous increase with the increasing of temperaturefor (a) 120 nm and (b) 200 nm Ni46Co4Mn37In13 ﬁlm, respectively.
Fig. 3. Room temperature X-ray diffraction patterns of clean MgO(0 0 1)
substrate and 300 nm Ni46Co4Mn37In13 ﬁlm.
Fig. 4. Temperature dependence of electrical resistance for 300 nm Ni46Co4
Mn37In13 thin ﬁlm measured at the temperature range from 5 K to 380 K.
Fig. 5. Magnetoresistance of Ni46Co4Mn37In13 ﬁlm as a function of magnetic
ﬁeld measured at various temperatures.
Table 1
Values of the parameters n and α ﬁtted with Δρ=ρ0 ¼ αHn at various
temperatures for Ni46Co4Mn37In13 thin ﬁlm in the magnetic ﬁeld range of 0–8 T.
Region Temperature n α
(K) (Tesla n)
Metal 100 0.92 0.21
150 0.96 0.21
200 0.95 0.21
220 0.95 0.20
240 0.94 0.19
Semiconductor-like 260 1.06 0.12
280 1.24 0.06
300 1.49 0.02
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monotonous decrease with increasing temperature means that it is
semiconductor-like behavior above 245 K.
In order to recognize the difference electron scattering mechan-
ism at these two temperature ranges. MR as a function of
temperature has measured at 0–8 T. Magnetic ﬁeld applied
perpendicular to current ﬂow direction. The MR was calculated
with the formula of (ðρHρ0Þ=ρ0Þ  100%, where ρH denotes the
resistivity in the magnetic ﬁeld H and ρ0 denotes the resistivity
without magnetic ﬁeld, respectively. Fig. 5 shows representative
MR at 100–300 K. It is noticed that the MR is negative for all the
measuring temperatures, and the values of MR are comparable
with that of polycrystalline Ni2þ xMn1xGa [16] and Ni2Mn1þ x
Sn1x [17]. These negative values can be explained on the basis of
s–d scattering model where s conduction electrons are scattered by
localized d spins [16,17]. With the external magnetic ﬁeld increase,
the effective ﬁeld acting on the localized spins increases and
suppresses the ﬂuctuation of spins which reduce the spin-
dependent scatterings of conduction electrons [18,19]. The
magnetic-ﬁeld dependence of Δρ=ρ0 has been ﬁtted with the
equation [17,19],
Δρ
ρ0
¼ αHn: ð1Þ
where α and n are temperature-dependent adjustable parameters.
The values of αand n, obtained from ﬁtting, are summarized inTable 1. The coefﬁcient of determination of all ﬁtting curves is
greater than 0.999, which indicates that the ﬁtting is very good. In
the metallic region below the transition temperature of 245 K, MR
of Ni46Co4Mn37In13 ﬁlm is almost temperature independent, and
the ﬁtted value of n is less than 1, which is also almost temperature
independent. We deduce that the scattering of conduction electron
is mainly resulted from the d-band localized states and the
magnetic phase of Ni46Co4Mn37In13 ﬁlm is stable, which lead to
a temperature independent MR. Whereas above 245 K, n increases
continuously to values between 1 and 2. According to the values of
n, we confer the existence of short-range correlations in this region
since n less than 1 is ascribed to the spin glass state, and n is equal
to 2 corresponding to a completely paramagnetic state [19,20].
With the increasing of temperature, the spins become more
disordered leading to a relatively strong conduction electron
scattering from the d-band localized states, and give rise to the
decreasing of negative MR from 1.5% to 0.5%.4. Conclusions
In summary, by using PLD method, single-crystalline
Ni46Co4Mn37In13 ﬁlm with a fcc structure has been epitaxially
stabilized on MgO(0 0 1) substrate. It exhibits metallic and
semiconductor-like properties below and above 245 K, respec-
tively. The mechanism of the small negative MR is ascribed to
the spin-dependent scattering of the conduction electrons.
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